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Results are reported of a photocapacitance (PHCAP) investigation to evaluate the ionized deep 
levels in n-C&As crystals. The PHCAP measurements reveal two sorts of ionized deep levels at 0.50 
and 0.74 eV above the valence band at 45 K only during the photoquenching phenomenon. The 
changes of ion densities are shown as a function of the course of the photoquenching phenomenon. 
From the change of ion density of each level, it is shown that the generation of the 0.50 eV+E, 
level by photoexcitation plays a vital role in the occurrence of the photoquenching phenomenon. 
I. INTRODUCTION 
Many methods have been widely applied to evaluate the 
so-called EL2 level in various kinds of GaAs crystals be- 
cause of its serious effects on the resistivity of semi- 
insulating GaAs substrate and the threshold voltage of GaAs 
metal-semiconductor field-effect transistors (MESFETs). In 
view of the basic research, the EL2 level has been also of 
interest due to its unusual photoresponse and its close asso- 
ciation with the excess arsenic composition in GaAs. 
Watanabe, Nishizawa, and Sunagawa have pointed out 
the importance of the stoichiometry control of the compound 
semiconductor crystals from the experimental results of the 
electrical characteristics of the iron pyrite.r Nishizawa et al. 
also suggested the existence of interstitial arsenic atoms in 
GaAs prepared by annealing under extremely high arsenic 
vapor pressure.* More recently, x-ray quasiforbidden diffrac- 
tion method,3 our Rutherford backscatteringlchanneling 
experiments,4 and optically detected electron paramagnetic- 
resonance (EPR) measurements’ have shown the existence of 
interstitial As atoms in GaAs, and a close relationship be- 
tween the As interstitial atoms and the EL2 level. Whereas 
the arsenic antisites have been detected, arsenic interstitial 
atoms could be introduced at least at the initial stage of the 
defect formation process. Recent results on the formation 
energy of the stoichiometry-dependent defect have also 
shown the important role of interstitial atoms in GaAs6 
Unusual optical characteristics of the EL2 level have 
been well known as the photoquenching or fatigue effect. 
The photoquenching phenomenon has been widely observed 
by photocapacitance, photoconductance, infrared 
absorption,g optical response of the electron-spin-resonance 
(ESR) signal,” and photoluminescencerr measurements. In 
case of photocapacitance, the junction capacitance increases 
rapidly with monochromatic light irradiation and after show- 
ing maximum, then shows a gradual decrease during light 
irradiation. However, it was reported that the time constant 
of decay was different for the junction capacitance and the 
photoresponse of the ESR signal,10 showing that different 
defects have been detected by each method. 
On the mechanism of the photoquenching phenomenon, 
many models have been proposed. A site transfer phenom- 
enon was also proposed by an electron nuclear double- 
resonance (ENDOR) investigation.” A configuration coordi- 
nation model has been also proposed based on the optical 
transition from the stable state to the excited state.13 How- 
ever, the results of optical transition and the defect structure 
have provided a far from definite conclusion. 
The aim of this article is to show experimentally the role 
of the photoionized levels on the photoquenching phenom- 
enon. In order to clarify the precise optical transition of the 
EL2 level, the photocapacitance (PHCAP) method14 under 
the constant capacitance conditior? is applied to n-GaAs 
bulk crystals doped with Te. The change of ionized level 
density is shown as a function of the course of the photo- 
quenching phenomenon. 
II. EXPERIMENT 
Samples used were Te-doped GaAs crystals grown by 
the horizontal Bridgman (HB) method with a carrier concen- 
tration of 4X 1016 cmm3. Samples were metal-semiconductor 
diodes fabricated by the electron beam evaporation of Al on 
the crystal surface. To prevent a serious reaction of metal/ 
semiconductor interfacer6 and the thermal recovery of the 
defect structure,4 sample diodes were mounted on stems at 
ordinary temperature. Diodes were set on a variable tempera- 
ture cryostat. Monochromatic light from a l/4 m grating 
monochromator was irradiated into the depletion layer from 
the back of the sample. Excitation light intensity was 160 
pW/cm* during PHCAP measurements. Contrary to the con- 
ventional method, we applied the PHCAP measurements un- 
der a constant capacitance condition. Junction capacitance is 
kept constant during the PHCAP measurements, resulting in 
the depletion layer thickness being kept constant regardless 
of the change of ion density. A precise description of the 
PHCAP measurement apparatus is shown elsewhere.r5 
Ill. RESULTS AND DISCUSSION 
Figure 1 shows the ion density spectra of Te-doped 
GaAs measured by the PHCAP method under a constant ca- 
pacitance condition. The vertical axis shows the ion density 
deduced from the change of bias voltage to keep the junction 
capacitance constant. The saturating ion density was ob- 
tained from the following equation as 
W2 
AV+=% ANt=& AN,, 
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FIG. 1. The PHCAP ion density spectra of HB-grown GaAs crystal doped 
with Te at 77 K. n =4X 1Or6 cmn3. In the specific wavelength region of 
1.0-1.46 eV, light irradiation induces the rapid increase of ion density and 
then gradual decrease due to the photoquenching phenomenon. Finally, ion 
density reaches the saturating value. (a) and (b) show the maximum and 
saturating ion density PHCAP spectra, respectively. (c) shows the relative 
change of ion density in the dark before light irradiation after applying the 
forward bias injection. 
where AVph is the change of bias voltage to keep junction 
capacitance C constant, W is the depletion layer thickness, E 
is the dielectric constant of GaAs, and AN, is the change of 
ion density induced by the monochromatic light irradiation. 
To ensure the photoionization of neutral deep levels, 
monochromatic light was irradiated after the forward injec- 
tion in the dark at each wavelength. The PHCAP measure- 
ments were carried out at 77 IS, because the thermal recovery 
rate of the photoquenching phenomenon by the forward bias 
injection shows its maximum. Almost no thermal recovery 
could be detected without forward injection at 77 K.” Figure 
l(c) shows the saturating ion density in the dark N,, after 
the forward injection. Ndark is attributable to the ion density 
in the dark before monochromatic light irradiation. The con- 
stancy of Ndark shows the complete photoionization of the 
neutral deep levels at each wavelength. However, there exists 
a small change of Ndaik in the wavelength region of about 
1.0-1.40 eV, where the photoquenching phenomenon occurs. 
A decrease of N,, is commonly observed in various 
n-GaAs bulk crystals. The reason for this decrease is de- 
scribed in detail elsewhere.f7 
Figures l(a) and l(b) show the maximum N,(,,,) and 
saturating Nt(,,,,j ion density after light irradiation at each 
wavelength. N,(,,) is the maximum ion density after light 
irradiation at each wavelength. NtcasymJ is the ion density 
asymptotic to the saturating value after light irradiation. 
These ion densities show the same value except in the wave- 
length region of about 1.0-1.46 eV, where the photoquench- 
ing phenomenon occurs. As is well known, the photoquench- 
ing phenomenon induces a rapid increase of ion density and 
then gradual decrease by the light irradiation. Therefore, ion 
density shows its maximum value and then reaches the satu- 
rating value. We defined the maximum ion density as 
N +,,+ and the asymptotic to saturating value as NtcasymJ, 
respectively. Figure 2 shows the deionized level density 
spectrum obtained from the subtraction of Ntcasym) from 
N t(max). As reported previously,r5 the de-ionized level den- 
sity shows its maximum at 1.25 and 1.41 eV. We have al- 
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FIG. 2. The de-ionized level density PHCAP spectrum obtained by the 
subtraction of saturating ion density N,t,,,) from maximum ion density 
N ,(maxJ. Photoexcitation was carried out with repetitive forward injection in 
the dark at each wavelength. 
ready reported that these deep levels are associated with the 
excess arsenic composition of GaAs crystals. However, they 
show different ionized level positions and stoichiometry de- 
pendencies of the level densities.*’ Jn this article we concen- 
trate on the de-ionized deep level induced by the 1.25 eV 
light irradiation. 
The ionized level position attributable to the 1.25 eV 
de-ionized level was determined as follows. The forward 
bias injection was carried out in the dark at each wavelength 
to neutralize every deep level before photoionization. After 
the 1.25 eV light was irradiated for 100 s to the maximum 
ion density, light irradiation was stopped and the stabilized 
ion density in the dark was measured. Then, the ion density 
spectrum was measured from the long wavelength without 
forward bias injection. Measurements were performed at 45 
K, where the thermal recovery of the photoquenching phe- 
nomenon was ignored.15 
Figure 3 shows the ion density spectrum measured from 
the long wavelength after 1.25 eV light irradiation to the 
maximum ion density. Ion density decreases clearly at 0.50, 
0.66, and 0.74 eV. This means that the neutralization of ion- 
ized levels occurs by light irradiation. These ionized levels 
were commonly observed in various n-GaAs regardless of 
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FIG. 3. The PHCAP ion density spectrum measured from the long wave- 
length after 1.25 eV light irradiation for 100 s to the maximum ion density. 
Excitation light intensity was 160 pW/cm’. A decrease of ion density is 
attributable to the neutralization of ionized donor levels. 
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FIG. 4. The PHCAP ion density spectra measured from the long wavelength 
after 1.25 eV light irradiation with various continuation. (a)-(e) were mea- 
sured after 1.25 eV light irradiation for 10, 100, 180, 300, and 1700 s, 
respectively. 100 s irradiation induces the maximum ion density and the 
photoquenching phenomenon completes after 1700 s irradiation with the 
excitation light intensity of 160 pW/cm’. 
the sorts of dopant with carrier concentration below about 
3X10r7 cmm3. When irradiated by 1.41 eV monochromatic 
light, it was already reported that additional decrease of ion 
density was also detected at 0.47 and 0.68 eV.” In the 
present experimental conditions, the decrease of ion density 
mentioned above was caused by the neutralization of ionized 
deep levels due to the electron transition from the valence 
band to the ionized levels by light irradiation. Therefore, the 
ionized level positions of the photoquenching levels are de- 
termined to be 0.50 and 0.74 eV for the 1.25 eV de-ionized 
level, and 0.47 and 0.68 eV for the 1.41 eV de-ionized level, 
respectively. It was also shown that the 1.25 and 1.41 eV 
levels show different recovery temperature.” As described 
later, the deionization phenomenon at 0.66 eV is compli- 
cated. It is shown that the threshold photon energy to induce 
neutralization shifts. toward the long wavelength during the 
course of the photoquenching phenomenon. 
Figure 4 shows the PHCAP spectra obtained at various 
stages of the photoquenching phenomenon. Measurements 
were also carried out at 45 K to ignore the thermal recovery 
effect. To keep the charge state constant at the beginning of 
each PHCAP measurement, the sample temperature was 
raised up to 110 K with forward injection in the dark before 
each measurement from the long wavelength. At 110 K, pho- 
toquenching phenomenon can be completely recovered. 
Then the PHCAP measurements were performed from the 
long wavelength just after 1.25 eV light irradiation to various 
excitation stages without forward injection. The measure- 
ment sequence mentioned above enables the photoexcitation 
of neutral deep level in ground state at each measurement. 
Therefore, ionized states of the deep levels are kept just after 
the 1.25 eV light irradiation. 
In Fig. 4, PHCAP spectra (a)-(e) were obtained at each 
photoexcitation stage defined in Fig. 5(b). Duration of 1.25 
eV light irradiation for each spectrum were 10, 100, 180, 
300, and 1700 s respectively, As shown schematically in the 
inset of Fig. 4, 100 s irradiation induces maximum ion den- 
sity during the photoquenching phenomenon. After 1700 s 
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FIG. 5. (a) The change of the ionized level density at 0.50 and 0.74 eV as a 
function of the course of the photoquenching phenomenon. The level den- 
sities were obtained from the decrease of ion density at 0.50 and 0.74 eV in 
Fig. 4. (b) Schematic drawing of the definition of the photoexcitation stage 
used in the horizontal axis here and in Fig. 6. 
irradiation [Fig. 4(e)], the photoquenching phenomenon is 
completed. PHCAP spectrum (a) in Fig. 4 was obtained after 
1.25 eV light irradiation for 10 s before ion density reaches 
its maximum value. 
In Fig. 4, the abrupt decrease of ion density at around 1.0 
eV is due to the photoquenching phenomenon. when the 1.25 
eV light is irradiated until the photoquenching phenomenon 
completes, no de-ionized levels could be detected in the 
wavelength region between 0.08 and 1.6 eV. Figure 5(a) 
shows the change of the ionized level density at 0.50 and 
0.74 eV as a function of the course of the photoquenching 
phenomenon. The vertical axis shotis the decrease of ion 
density at 0.50 and 0.74 eV. The horizontal axis shows the 
course of the photoquenching phenomenon. defTned by the 
ionized level density normalized by the maximum value as 
photoexcitation stage= (Ns - N4)/NB , 
where NA is the ion density measured from the N,(,,,,) at 
each course of the photoexcitation stage, and NB is NtCrnaxl 
- Nt(as,mj at 1.25 eV Figure 5(b) shows the schematic draw- 
ing of the’definition of the horizontal axis used in the Figs. 5 
and 6. A negative value means that the ion density increases 
by the monochromatic light irradiation before the decrease of 
ion density due to the photoquenching phenomenon. A posi- 
tive value shows that the ion density decreases due to the 
photoquenching phenomenon. Therefore, zero on the hori- 
zontal axis indicates the stage of the photoquenching phe- 
nomenon where the ion density shows its maximum. 1.0 
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FIG. 6. The change of 0.50 and 0.74 eV+E, ionized level density as a 
function of the course of the photoquenching phenomenon. Each level den- 
sity was obtained from Fig. 4 under the assumption that the singly charged 
level is formed partially by an electron capture to the doubly charged state 
from the valence band. 
on the horizontal axis means the completion of the photo- 
quenching phenomenon where the ion density reaches its 
saturating value after deionization. 
As shown in Fig. 5(a), both level densities increase with 
increase of the ion density by 1.25 eV light irradiation, and 
the level densities decrease while the photoquenching phe- 
nomenon occurs. Lagowski et aLI9 have reported the exist- 
ence of the thermally ionized EL2 levels in p-GaAs by the 
conventional PHCAP method under constant bias condition. 
Considering the same scattering cross section of the 0.77 and 
0.53 eV+E, levels, these levels were attributable to EL2+ 
and EL22+ states, respectively. Whereas the energy-level po- 
sitions are different from those in our present results, it is 
acceptable to consider that our finding 0.50 and 0.74 eV 
ionized levels in n-GaAs.crystals is also attributable to the 
doubly and singly charged states, respectively. In the present 
measurements, monochromatic light is irradiated from the 
long wavelength after photoionization. Therefore, a part of 
the singly charged level is formed by the capture of electrons 
from the valence band to the doubly charged level. Consid- 
ering the above-mentioned phenomenon, it is reasonable to 
consider that the obtained 0.74 eV level density is the sum- 
mation of the singly charged level density and a part of dou- 
bly charged level density. Figure 6 shows the change of net 
level densities of the singly and doubly charged level as a 
function of the course of the photoquenching phenomenon. It 
is shown that the singly charged state at 0.74 eV+E, exists 
only before the photoquenchmg phenomenon occurs, when 
the ion density shows rapid increase by the 1.25 eV light 
irradiation. Namely, the 0.74 eV+E, level cannot be de- 
tected at all when the ion density shows a gradual decrease, 
and only the 0.50 eV+E, level exists during the decrease of 
ion density. 
De-ionization phenomenon at 0.66 eV is rather compli- 
cated, because the threshold photon energy to induce neutral- 
ization shifts toward the longer wavelength according to the 
course of the photoquenching phenomenon. Whereas the rea- 
son for this energy shift has not been clear, the 0.66 eV 
deionized level is also closely associated with the photo- 
quenching phenomenon. 
In summary, the PHCAP measurements under a constant 
capacitance condition were applied on n-type GaAs doped 
with Te. Three ionized levels were detected at 0.50,0.66, and 
0.74 eV above the valence band at 45 K only during the 
photoquenching phenomenon. Change of each level density 
was shown as a function of the’ course of the photoquenching 
phenomenon. The 0.74 eV+E, level was formed immedi- 
ately after the 1.25 eV light irradiation, where the ion density. 
shows rapid increase. However, the 0.74 eV+E, level cannot 
be detected during the photoquenching phenomenon, where 
the ion density shows gradual decrease. On the contrary, the 
0.50 eV+E, level is formed after the generation of the 0.74 
eV+E, level. Actually, only the 0.50 eV+E, level can be 
detected during the photoquenching phenomenon, where the 
ion density shows gradual decrease. From the PHCAP results 
mentioned above, it is concluded that the generation of dou- 
bly charged state (0.50 eVfEE, in n-GaAs at 45 KJ is the 
driving force for the occurrence of the photoquenching phe- 
nomenon. It can also be considered that the photoquenching 
phenomenon is induced by the effect of ‘the resultant defor- 
mation of the crystal symmetry around the defects through 
the electric field of doubly charged state. 
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